Abstract-MechaRoach II is a hexapod robot under development that will walk on horizontal surfaces, climb on inclined or vertical mesh surfaces, and test strategies for transitioning between the two. The locomotion principles that allow cockroaches to make these transitions have been studied and mechanisms using abstractions of those principles have been developed for the robot. These principles include usage of features of leg and foot morphology, leg compliance, gait adaptation, and body flexion. MechaRoach II has a single drive motor, a motor for steering, and a motor to actuate a body flexion joint. The single drive motor powers all six legs, and each leg uses 4-bar mechanisms to recreate cockroach-like foot trajectories. Cockroaches have been shown to flex their bodies downward between the first and second thoracic segments or rear their bodies upward using their middle legs during transitions between climbing on vertical surfaces and walking on horizontal ones. Similarly, MechaRoach II's body joint rears the front of the robot upward or downward during transitioning. The robot normally walks in a tripod gait with contralateral legs 180 degrees out of phase, but uses passive torsionally compliant devices to bring contralateral legs into phase for climbing.
I. INTRODUCTION
obots with the ability to climb inclined or vertical surfaces have numerous applications. Legged robots have already been developed to climb on the underside of bridges [1] and crawl on the insides of pipes [7] for inspection purposes. Other robots have been developed for jobs such as weld inspection in nuclear plants [19] . Robots are the ideal choice for many of these applications because the working environments can be either poor or hazardous for humans.
In the process of completing one of these tasks, a climbing robot may have to negotiate a transition between surfaces that are at different inclinations, such as between a horizontal surface and a vertical one. Successful negotiation of that transition will require more than just the ability to adhere to the surfaces. There are only a few legged robots that can walk on horizontal surfaces, climb vertical surfaces, and make the transition between the two. They include Robug IIs [14] , Robug III [13] , Ninja-1 [9] , and Ninja-II [8] . These robots take advantage of a number of design features, such as legs that allow for larger ranges of motion than a normal walking robot would have.
Cockroaches have been shown to employ many different locomotion principles when they switch between walking on a horizontal surface and climbing on a vertical or inclined one, such as usage of features of leg morphology, leg compliance, gait adaptation, and body flexion. It also includes usage of foot morphology such as pads on their tarsi that allow them to grip a variety of surfaces [11] and an actuated claw. Mechanical devices that employ these principles can be used to allow robots to successfully negotiate transitions between surfaces of different inclinations.
Exactly reproducing the behavior of a biological system may be overly complex and may necessitate the development of new technologies. In addition, biological systems may have capabilities that are not relevant to locomotion. For instance, joint ranges of motion may allow for feeding or reproduction but may not be used during locomotion. Abstracting the useful biological principles using simpler mechanical devices can more quickly result in mission-capable robots [2] . Other robots that use abstracted biological locomotion principles include MechaRoach I [4] , the Whegs robots [2] , PROLERO [15] and RHex [17] MechaRoach II is shown in Figure 1 . It has six legs, is 66cm long, 40cm wide, 10cm tall and weighs 7kg. This was a convenient size to manufacture given the available inhouse equipment, although the concept can easily be scaled up or down in size. The frame is made of a network of thin aluminum supports, which allows it to be relatively lightweight. The body length is roughly 15 times longer than a typical blaberus discoidalis cockroach. If a typical cockroach mass is 2.25g [12] , then it would weigh about 7.5 kg scaled up 15 times. The robot, therefore, has a proportional mass compared to the cockroach.
MechaRoach II has three motors: One for propulsion, one for steering and one for vertical body flexion. By using a single drive motor, a higher power-to-weight ratio is attainable compared to having a motor for each leg [2] . The robot may find itself in an orientation where only one leg has a foothold. If each leg has a separate motor, each of those motors must be able to generate enough torque to propel the robot in that situation. If, on the other hand, the robot has a single drive motor and all of the motor torque can be delivered to any of the legs, the robot needs only a single powerful motor, instead of six. Since motors are usually the most massive components on a robot, it is easy to see how having only one drive motor results in a higher power-to-weight ratio.
To turn, the robot has body joints that permit the front and rear segments of the robot to pivot left and right independently of the middle segment, as shown in Figure 1 . This motion is independent of the vertical body flexion, which permits the front half of the robot to rotate up and down 45 degrees relative to the middle and rear segments. This large range of motion will ease the vehicle's transition to and from horizontal and vertical surfaces.
The leg morphology and gait adaptation have been implemented in a way that embeds the locomotion controller into the mechanics, which simplifies the control problem.
The robot is controlled by a human operator by way of radio-control. Figure 2 shows a series of photographs of the front of a cockroach as it moves its front leg during normal walking. It normally raises its front legs high so that it can climb over small barriers without actively changing its gait. The last illustration in Figure 2 is a composite with the five leg positions overlaid. Although this movement would not have reached the top of the 11 mm block shown, it would have been sufficient for a 5.5 mm barrier [18] .
II. LEG DESIGN
Previous robots, such as Boadicea [3] , have used cockroach footpaths before.
MechaRoach I imitated cockroach foot trajectories, and performance evaluations showed that cockroach-like mobility resulted [4] . MechaRoach I used 4-bar mechanisms in order to recreate those foot trajectories, and could climb over obstacles up to 70% of its own height.
MechaRoach II will also use 4-bar mechanisms to create cockroach-like leg trajectories as viewed in the sagittal plane. 4-bar mechanisms can be driven with a continuously rotating shaft, while allowing different legs to be specialized for different tasks. The front legs have been designed to raise high during the swing phase so that obstacles can be climbed without a change in foot trajectory. The rear legs have been designed to generate propulsive forces similar to those measured in cockroach locomotion as described by Full [6] .
4-bar mechanisms are linkage mechanisms that allow for the transformation of rotational motion into linear or other types of prescribed motion. There are many kinds, such as double-rocker, double-crank, and slider-crank mechanisms. Figure 3 is a picture of MechaRoach II's front leg. All of the legs on the robot are 4-bar crank and rocker mechanisms. A crank and rocker mechanism consists of a ground link (which is the chassis of the robot in this case), an input link (the crank), a rocker link, and the coupler (which forms the tibia of the leg).
The mechanism is attached to the chassis of the robot at two points with the crank attached to the driveshaft at one point, and the rocker attached though a pivot at the other point.
When the driveshaft applies torque to the input link of the leg, the foot will move in a trajectory based on the observed behavior in cockroaches. The motion will allow the robot to walk, while also allowing it to climb over obstacles. Design constraints required tradeoffs to be made in the 4-bar mechanisms. For instance, the mechanisms need to have a sufficient mechanical advantage throughout the stance phase in order to propel the robot forward in a climbing situation.
These mechanical advantage considerations limited the legs to be half the length of a scaled up cockroach leg.
Cockroach legs have inherent passive compliance and damping. As an illustration of this, a large impulsive force that is too rapid to be counteracted by the nervous system can be absorbed by the passive compliance of the legs [10] . The legs stabilize the cockroach and vibrations of the body are absorbed by their damping properties. Furthermore, these passive properties can reduce the forces transmitted from the ground to the body.
MechaRoach II has been constructed with a suspension system inboard of its legs to provide these passive compliance properties. Passive stiffness and damping properties are desirable on the robot for the same reason they are beneficial to the cockroach.
Also, shock and vibration loosens fasteners and causes mechanical failures.
The lack of compliance can also cause the feet of a robot to bounce off obstacles, which prevents them from gaining proper traction.
Shock absorbers with adjustable bump and rebound damping were placed in series between the frame and the legs as shown in Figure 4 . Different springs can also be easily installed if it is determined that the stiffness is too high or low. In addition, the preload applied on each spring can be easily modified. Preload is used to minimize droop travel, which would decrease the reaching height of the contralateral leg.
The suspension will be tuned to provide the desirable passive properties. One advantage of this configuration is that the rate of compliance is independent of leg orientation.
III. END EFFECTION
Cockroach tarsi have a number of features that allow them to grip a large variety of surfaces. Among those features are an actuated claw and spines (see Figure 5 ) [5] . In the top picture, the suspension is fully extended. In the bottom picture, it is fully compressed. The compliance and damping will stabilize the body and reduce forces transmitted to it from the ground. One of the advantages to using 4-bar mechanisms as legs, when compared to continuously rotating devices such as wheels, is the ability to more easily mount other mechanisms to them to aid in gripping surfaces. Like cockroach tarsi, MechaRoach II has claws at the end of each of its legs (see Figure 6 ), which will enable the robot to grasp and climb meshed or coarse substrates. The robot claw will be springloaded so that it is normally closed, and a tendon will open the claw at the appropriate moment in its trajectory.
Because each leg begins and ends its stance phase in very different orientations, the claw had to be designed such that easy engagement can occur at the beginning of stance phase, and easy disengagement can occur at the end. The claw also has to have the capability to open wide enough to grasp an array of objects and surfaces.
The claw is designed to allow the robot to climb mesh or coarse surfaces.
However, any mechanism could be mounted at the end of the 4-bar legs. For example, arrays of suction cups or electromagnets could be mounted there to aid in climbing other kinds of surfaces.
IV. GAIT ADAPTATION
Cockroaches typically walk in an alternating tripod gait in which the front and rear legs on one side support the body at the same time as the middle leg on the other side [20] .
This tripod of support alternates with the tripod formed by the other three legs.
Cockroaches do not always maintain a tripod gait. When they climb larger obstacles they alter their gait such that their climbing ability and stability are improved [18] . For example, as illustrated in Figure 7 , the front, middle and rear leg pairs of the cockroach are each in-phase and all supporting the body during a climb over an 11mm obstacle.
This gait change can be created on the robot through use of passive torsionally compliant devices [2] . MechaRoach II will normally walk in a tripod gait, in which contralateral legs are 180 degrees out of phase. However, when the loading of one leg increases significantly, as would happen when the robot is climbing, the torsionally compliant devices will allow the contralateral leg to come into phase. After this occurs, both legs can work together to share the effort needed to lift the robot up to or over an object. After the obstacle has been surmounted, a spring provides the restoring force, which returns the legs to an alternating tripod gait.
V. BODY FLEXION
As the cockroach climbs over various barriers its posture changes to maintain appropriate leg angles. When making the transition between a vertical and horizontal surface, a cockroach can flex its body downward at the joint between the first and second thoracic segments (Figure 8a ). This keeps the legs close to the top surface of the block and prevents unstable actions such as high centering. If flexion of that joint is prevented, the animal high centers and the legs are greatly extended (Figure 8b ).
Body flexion joints have been implemented in robots before, and have been shown to extend a robot's climbing ability [2] .
A body flexion joint will be used in MechaRoach II in a similar way to rear the front of the robot downward during transitions.
When faced with a barrier higher than a cockroach's front legs can normally reach, it rears its entire body upward by actions of its front and middle legs [18] . The rearing action extends the reach of the front legs, enabling the cockroach to climb over larger obstacles.
MechaRoach II's middle legs will not be able to rear the body of the robot up in a similar way. However, the body flexion joint can be used to rear the front of the robot upward in order to extend the reach of its front legs ( Figure  9 ).
VI. CONCLUSIONS
MechaRoach II is under development and will be used to test strategies for a robot transitioning between surfaces of different inclinations, such as between horizontal and vertical surfaces. Locomotion principles, which have been abstracted from the study of cockroaches, will be implemented to aid in climbing and transitioning. The abstracted locomotion principles include leg and foot morphology, leg compliance, gait adaptation, and body flexion.
4-bar mechanisms will create foot trajectories similar to a cockroach's when viewed in the sagittal plane, and allow for the specialization of legs for particular tasks.
Although the focus of this research is transitioning and not gripper technology, claws located at the end of each leg will allow the robot to climb mesh or coarse surfaces.
Passive leg compliance properties have been implemented in the robot for much the same reasons that those properties benefit cockroaches. The compliance has been implemented in a way that is easy to tune, and will aid in reducing shock and vibration, and allowing the feet to gain proper traction.
Passive torsionally compliant devices have been implemented, which will allow the robot to walk in an alternating tripod gait, but bring contralateral legs into phase. This gait adaptation can increase the robot's climbing ability and stabilize the robot during these actions.
MechaRoach II has a bi-directional servo-driven body flexion joint which will increase the robot's reaching ability for climbing and aid in transitioning between horizontal and vertical surfaces. 
